INTRODUCTION
The use of pervious concrete (enhanced porosity concrete) has been recognized by the Environmental Protection Agency (EPA) as one of the best management practices in reducing stormwater runoff, mainly due to its capability to permeate large quantities of water through its connected pore structure. The use of gap-graded aggregates, little or no fine aggregates, and low water-cement ratios (w/c) results in a material structure that consists of relatively large pores (2 to 8 mm [0.078 to 0.314 in.], compared to the micrometer-sized pores in conventional concretes) and a highly connected pore network. [1] [2] [3] The porosity of pervious concretes typically ranges from 15 to 30%. 1, [4] [5] [6] [7] [8] Other environmental benefits of pervious concrete that are attributed to its unique pore structure include a reduction in the noise generated by tire-pavement interaction, 2,9 and a reduction in the urban heat island effect. 1, 7 Permeability, which is the most important functional property of pervious concrete, is typically related to the accessible porosity (connected porosity) in the material structure. The influence of mixture proportioning on the porosity and flow characteristics of pervious concretes have been experimentally investigated. 4, 10 For porous materials, the water transport characteristics are also dependent on other pore structure features such as pore sizes, pore connectivity, and the specific surface area of the pores, as can be observed from a variety of pore structuretransport relationships such as the Kozeny-Carman 11 and Katz-Thompson 12 equations. It has been found from previous studies that the aforementioned pore structure features of pervious concretes vary significantly with changes in aggregate size and composition even when their porosities do not change appreciably. 4, 8, 9 The use of electrical impedance-based methods to extract the pore structure features that are significant in water transport and acoustic wave propagation through pervious concretes have been previously reported. 4, 9 Computational material science-based approaches have been successfully used to study cement hydration and microstructure and property development in conventional cement-based materials. [13] [14] [15] [16] Recent studies 17 have successfully used a virtual pervious concrete pore structure for permeability estimation. This study deals with three-dimensional (3D) reconstruction of pervious concrete material structures from two-dimensional (2D) images of real pervious concrete specimens and the use of these reconstructed structures to predict the permeability. The comparison between the pore structure features of the real and reconstructed pervious concretes are also carried out to evaluate the accuracy of the reconstruction process in retaining the pore structure features of the original material.
RESEARCH SIGNIFICANCE
Pervious concrete has a random and complex pore structure (for example, pore volume, sizes, shapes, connectivity, and dispersion), many of the features of which are not easily determined experimentally from 2D images. Because volumetric porosity of such a macroporous material is obtained relatively easily and empirical property-porosity relationships are available, it has been customary to use porosity as the most distinguishing characteristic of pervious concretes. Many of the properties of such porous materials are also dependent on other pore structure features. In addition, for a random heterogeneous material such as pervious concrete, there will also be an inherent variability in the pore structure features. A better understanding of the influence of the pore structure parameters on the performance of pervious concretes is essential to develop materials sciencebased design procedures and better test methods for performance. Computational materials science-based tools are better equipped to deal with random porous media such as pervious concretes to achieve this objective. This study is an effort in that direction, where 3D pervious concrete structures reconstructed from starting 2D images of the real material are used to predict permeability. The reconstruction process facilitates the generation of any number of 3D images from planar sections without resorting to expensive 3D imaging techniques such as tomography. Being able to adequately
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Planar Image-Based Reconstruction of Pervious Concrete Pore Structure and Permeability Prediction by Milani S. Sumanasooriya, Dale P. Bentz, and Narayanan Neithalath predict the volume behavior of the material from planar images is a desirable feature for material design because it is generally straightforward to obtain such 2D information, especially at the millimeter resolution scale required for extracting the pores in pervious concrete.
EXPERIMENTAL PROGRAM Materials and mixture proportions
In this study, 12 different pervious concrete mixtures were proportioned using three different single-sized coarse aggregates (pea gravel) and their blends. These mixtures are part of a larger study that was designed to evaluate the influence of material design parameters on the pore structure of pervious concretes. The aggregates were sieved into three different sizes The pervious concrete mixtures were made using either one of these single-sized aggregates or a blend of any two singlesized aggregates by mass. The mixture identification provided in this paper gives the percentages of either the single-sized aggregates or the blends by mass. For instance, 75 -#8 -25 -3/8" refers to the mixture with 75% of the total aggregate by mass consisting of No. 8 aggregates and 25% of 3/8 in. (9.5 mm) aggregates. Type I ordinary portland cement was used as the binder. Fine aggregates were not used in any of the mixtures. For all the mixtures, the w/c by mass was kept constant at 0.33 and the aggregate-cement ratio by mass at 5. The cement content of all the mixtures was approximately 300 kg/m 3 (505 lb/yd 3 ). The mixtures were prepared in a laboratory mixer and cast in 100 mm (4 in.) diameter x 200 mm (8 in.) tall cylindrical molds.
For experimental determination of permeability, 95 mm (3.8 in.) diameter x 150 mm (6 in.) long specimens were used, which were obtained by placing 95 mm (3.8 in.) diameter x 200 mm (8 in.) long sleeves inside the 100 mm (4 in.) diameter molds during casting and then cutting the hardened specimen to the final length. The mixtures were compacted using a combination of vibration and tamping. All of the specimens were cured in a moist chamber (>98% relative humidity [RH] ) for at least 7 days before they were subjected to pore structure characterization or permeability testing.
Volumetric porosity and permeability determination
The effective volumetric porosities (φ V ) of the pervious concrete mixtures were determined using a commonly adopted procedure where the mass of water required to fill a pervious concrete specimen enclosed in a latex sleeve is measured. 4, 6, 8 The hydraulic conductivities K of the pervious concrete specimens were determined using a falling head permeameter, the details of which have been published extensively. 1, 2, 4, 6 The hydraulic conductivity K was converted to intrinsic permeability k using the density (1000 kg/m 3 Image processing and analysis for pore structure characterization Image analysis is one of the most powerful tools to characterize the pore structure of porous materials. Pore structure characterization of pervious concretes using 2D images of the material have been reported. 6, 8 Pervious concrete specimens of 100 mm (4 in.) diameter and 200 mm (8 in.) length were trimmed into 150 mm (6 in.) long cylindrical specimens by removing 25 mm (1 in.) thick slices from the top and bottom. The specimens were then prepared for imaging by sectioning the 150 mm (6 in.) long specimens into 50 mm (2 in.) thick slices. For a particular pervious concrete mixture, two cylinders were used for image analysis, thus providing six sections and 12 images. Both surfaces of the cut sections were ground sufficiently to obtain flat and smooth surfaces. The solid phase of these surfaces was carefully painted white using a permanent marker to enhance contrast between the solid and pore phases. These surfaces were scanned over a clear plastic film in grayscale mode using a flatbed scanner at a resolution of 300 dpi. A few of the images were rendered unusable because of the edge effects and surface irregularities resulting from the cutting process, and these images were not used for further analysis.
The selected images were processed and analyzed using image analysis and processing software (ImageJ © , freely available at http://rsbweb.nih.gov/ij/). The scanned images were cropped and resized into circular images of 570 pixels (95 mm [3.8 in.] ) in diameter, converted into binary images by a thresholding operation to separate the pore and solid phases and enhanced to remove noise. For 3D material reconstruction from 2D images, 400 x 400 pixel (66.7 x 66.7 mm [2.67 x 2.67 in.]) square images were obtained from the circular images. The pore structure features such as the area fraction of pores, pore sizes, mean free spacing (defined as the average value of uninterrupted surface-tosurface distance between all of the neighboring pores), and the specific surface area of pores (the surface area of the boundary between the pore phase and the solid) of these pervious concrete mixtures were extracted from these square images. The aforementioned characteristics of the pore phase of different pervious concrete specimens are evaluated in detail to facilitate comparisons with the pore structure features of the computationally reconstructed 3D pervious concrete specimens that will be used for permeability prediction. Detailed information on the determination of each of these pore structure features can be found in recent publications. 8, 18 To ensure that cropping a 570 pixel circular image to a 400 x 400 pixel (66.7 x 66.7 mm [2.67 x 2.67 in.]) square image does not result in appreciable changes in the measured pore structure features, the area fraction of pores in the parent 570 pixel circular images, and the cropped 400 x 400 pixel (66.7 x 66.7 mm [2.67 x 2.67 in.]) square images were determined and are compared in Table 1 along with the volumetric porosities (the average value of measured porosities corresponding to three to four cylinders) of different mixtures. The measured porosities (volumetric or area fraction) for different pervious concrete mixtures ranged from 16 to 28% with a maximum variation of approximately 20% between the volumetric and image analysis-based methods. The area fractions of pores obtained from circular or square images are found to be similar. The average values for the circular images are consistently greater, likely indicating a wall effect 19 producing enhanced porosity near the walls of the cylinder. Table 1 also shows the number of 400 x 400 pixel (66.7 x 66.7 mm [2.67 x 2.67 in.]) square images used for the analysis. It can be seen from Table 1 that the measured volumetric porosity values (φ V ) and area fraction of pores (φ A ) are close for most of the pervious concrete mixtures. This is in conformance with the stereological theory that states that if random samples are used, the pore area fraction of the 2D image should be equal to the volume fraction of pores (φ V ). 20
3D MATERIAL STRUCTURE RECONSTRUCTION AND COMPARISON OF REAL AND RECONSTRUCTED STRUCTURES Reconstruction of 3D structure from 2D images
A correlation filter-based 3D reconstruction algorithm 13, 17, 21, 22 was used to generate 3D pervious concrete structures using starting 2D images from actual specimens. As described in a previous section, 400 x 400 pixel (66.7 x 66.7 mm [2.67 x 2.67 in.]) square images were used for 3D reconstruction.
The first step in the reconstruction process is to obtain two-point correlation (TPC) functions for the pore phase of the material. The TPC function is a statistical measure of the pore structure obtained by randomly throwing line segments of length "l" into a two-phase material structure and counting the fraction of times both end points of the line lie in the phase of interest. 23 It contains information about the area fraction of pores, characteristic pore sizes, and the specific surface area of pores. 15, 24, 25 A typical TPC function for a pervious concrete mixture having 23% porosity is shown in Fig. 1 . The value of the TPC function at l = 0, [S 2 (l = 0)], corresponds to the pore area fraction of the image (φ A ), and the value of S 2 (l) when the function plateaus correspond to φ 2 A . The intersection of the slope of S 2 (l) at l = 0 and the plateau region denotes a characteristic dimension of the pore structure (l TPC ). This characteristic dimension can be used to define the average pore diameter (d TPC ) as
The slope of S 2 (l) at l = 0 can be related to the specific surface area of the pores s p (ratio of the pore surface area to the total volume of the sample) as 11 ( 2) The 3D reconstruction algorithm along with the TPC function was used to reconstruct 300 x 300 x 300 voxel digitized 3D material structures having a similar volumetric porosity (φ V ),
pore surface area, and correlation function as that of the real pervious concrete specimens. The hydraulic radii (ratio of the cross-sectional area of the pore to its perimeter, or the ratio of total pore volume to the total surface area of pores) of these reconstructed structures were found to be lower than those of the original 2D images used for reconstruction. Hence, a sintering algorithm 13 was used to modify the reconstructed structures to bring their hydraulic radii closer to that of the parent image. Figure 2 shows a schematic of the steps involved in the 3D reconstruction process. The computer programs used for the reconstruction can be accessed at ftp:// ftp.nist.gov/pub/bfrl/bentz/permsolver.
For a particular pervious concrete mixture, the 400 x 400 pixel (66.7 x 66.7 mm [2.67 x 2.67 in.]) 2D images (the number of such images available are given in Table 1 , although only four or five of them were used to reconstruct 3D structures), along with their TPC functions, were used to construct separate 3D structures of the material. A comparison of the normalized TPC functions for eight to 10 2D images of the different pervious concrete mixtures were carried out. Whereas the normalized TPC functions of the different images corresponding to a particular mixture were found to be generally similar, the variability in normalized TPC functions for different images of the blended aggregate mixture was observed to be slightly higher. This could be interpreted as being contributed by the greater heterogeneity in the material. Figure 3 shows typical starting images of single-sized aggregate mixtures (from real pervious concrete specimens), the reconstructed 3D structure from that image, and several 2D slices extracted from the 3D structure at different depths. Approximately 14 to 24 2D images (300 x 300 pixels) were extracted at randomly chosen depths from the different reconstructed 3D structures corresponding to a particular mixture composition, but only three are shown herein. It can be seen from these figures that the original and extracted images exhibit similar pore structure features. A detailed comparison of their pore area fractions and other pore structure features is addressed in the following section.
Pore structure features of real and reconstructed structures
The pore structure features of the original 2D images (400 x 400 pixels) (66.7 x 66.7 mm [2.67 x 2.67 in.]) were used for 3D material reconstruction, and the pore structure features of the 2D images (300 x 300 pixels) extracted from those reconstructed 3D structures are analyzed in detail in this section. The intention of such an analysis is to examine how well the reconstruction process captures the characteristics of the pore space of the parent image. The pore structure features that are used to compare the original image and 2D images from the reconstructed structures are the pore area fractions, representative pore sizes, mean free spacing between the pores, and the specific surface area of the pores. For each pervious concrete mixture, the pore structure features of four starting 2D images that were used for 3D reconstruction were compared to 14 to 24 2D slices extracted from several reconstructed 3D structures. Figure 4 shows the comparison of the volumetric porosity (φ V ), average pore area fractions (φ A ) of parent 2D images, and the average φ A values of several 2D images extracted from the reconstructed 3D structures for all of the pervious concrete mixtures used in this study. The error bars indicate one standard deviation of pore area fractions between different starting images (four) for the experimental values or between the 2D images (14 to 24) extracted from different 3D structures corresponding to the same pervious concrete mixture. It can be observed that the average pore area fractions of the extracted 2D images match the volumetric porosity and the average pore area fractions of the starting images fairly well. This observation is not surprising because the 3D reconstruction process involved matching the volumetric porosities of the parent specimen from which the starting images were obtained and the porosity of the reconstructed 3D structure. The volumetric porosities φ V of the pervious concrete specimens were observed to be in agreement with the average pore area fractions of the starting images, as shown in Table 1 .
Comparison of pore area fractions

Comparison of representative pore sizes
Several image analysis-based methods are commonly used to characterize the sizes of the features of interest in porous materials. They include: 1) the cumulative frequency distribution function (cdf) of the feature sizes that provides an equivalent pore size, 2) TPC function, and 3) the granulometric density function. 8 The applicability of these methods to pervious concrete characterization has been previously reported. 8, 18 In this study, the focus is on pore size extraction using the first two methods. Whereas the equivalent pore sizes (d 50 , corresponding to 50% of the cdf) are reported in this paper because of their ease of measurement, the pore sizes obtained from the TPC functions are also reported because the TPC function is employed in the 3D reconstruction of pervious concrete from 2D images. A comparison of the pore sizes obtained from cdf (d 50 ) and the TPC function (d TPC , obtained from Eq. (1)) is shown in Fig. 5 . The data shown in Fig. 5 are from 2D images of real pervious concrete specimens. The excellent agreement between the two representative pore sizes indicates that either d 50 or d TPC can be used as the characteristic pore size in pervious concretes and could potentially be used in empirical equations to predict their permeability.
The equivalent pore sizes (d 50 ) of the starting images and the slices from 3D reconstructed structures are compared in extracted images were also obtained (not shown in the paper). An excellent 1:1 relationship was observed, which is not surprising because the reconstruction process directly uses the TPC function of the original image.
Comparison of mean free spacing and specific surface area of pores
Pore phase dispersion is generally represented using the mean free spacing parameter (λ) of pores. The value λ can be related to the pore area fraction in the image (φ A ) and the perimeter length of pore features per unit area (L A ) as
Previously, λ was observed to increase linearly with an increase in pore sizes. 8 Because the sizes of the pores in pervious concrete are proportional to the sizes of the aggregates, 8 the mean free spacing of pores can also be related to the aggregate sizes. Figure 7 shows the relationship between λ obtained from starting 400 x 400 pixel (66.7 x 66.7 mm [2.67 x 2.67 in.]) images and the average λ obtained for 14 to 24 2D images extracted from the 3D structures developed using those starting images. It can be seen that the λ values of the extracted images are in good agreement with the λ values of the original images. This shows that the reconstructed material structure retains the pore phase dispersion characteristics of the original pervious concrete specimen.
The specific surface area of the pores (s p ) is another important characteristic of the pore phase of a porous material. It is generally represented as the ratio of the surface area of pores to the total volume, and thus is the reciprocal of the hydraulic radius. Hydraulic radius is a convenient means to represent pores of irregular shapes; thus, s p can be used as an indicator of the pore sizes of the specimen. For monosized spherical non-overlapping pores of diameter d, s p has been shown to be equal to 6φ/d where φ is the porosity. 15 Thus, a higher value of s p at the same pore volume indicates smaller pores. When empirical or semi-empirical relationships such as the Kozeny-Carman equation are used for the permeability prediction of porous media, s p plays a very significant role. The specific surface areas (s p ) of the starting images and the extracted 2D images were obtained using the measured TPC functions, as shown in Eq. (2). The s p values of the starting images and the extracted images are also compared in Fig. 7 , which also shows good agreement. Assessing statistical similarity of pore structure features of real and reconstructed images A detailed statistical analysis was carried out to examine the statistical similarity between the previously discussed pore structure features (pore area fractions, representative pore sizes, mean free spacing between pores, and specific surface area of the pores) of real and reconstructed structures. To assess whether the means of the pore structure features from real and reconstructed structures are similar, a parametric two-sample t-test can be used. The t-test, however, assumes a normal distribution of the values; hence, a Mann-Whitney U-test (also known as the Wilcoxon rank-sum test), 27 which is a nonparametric test that does not make any assumptions related to the distribution, was used. The Mann-Whitney U-test assesses whether the distributions of two independent samples of observations are statistically different from each other. This test is also suitable for analysis when only a smaller number of observations are available and the sample sizes are different. The null hypothesis in a Mann-Whitney U-test is that the two samples come from identical populations. A p-value (probability associated with the smallest level of significance that would lead one to reject the null hypothesis) greater than 0.05 indicates an acceptance of the null hypothesis at the significance level of 5% (or confidence interval of 95%). Table 2 summarizes the observed p-values for each pore structure feature along with the number of reconstructed 3D images and the number of 2D images extracted from different reconstructed structures. The 2D images from the real specimens and those extracted from the 3D reconstructed structures show statistical similarity for most of the pore structure features studied (where there is a statistical dissimilarity, that is, p < 0.05, the corresponding values are shown in bold in Table 2 ). For most of the pervious concrete specimens, the pore area fractions and the representative pore sizes between the real and reconstructed images are statistically similar, whereas statistical dissimilarity is slightly more prevalent for the pore structure features such as mean free spacing and specific surface area. This is not surprising because the latter two parameters are more related to the distribution of pores and thus to the heterogeneity in the material structure than the area fraction or sizes of pores. The p-values lower than 0.05 for certain pore structure features in some of the specimens can also be attributed to the very low variances in the values of that particular feature in the starting images, which effectively make the variances in the reconstructed structure look extremely large, and thus come to the conclusion that they are statistically dissimilar. The analysis of a larger number of starting images could minimize this effect.
PERMEABILITY PREDICTION AND COMPARISON
WITH EXPERIMENTAL VALUES A 3D Stokes permeability solver for porous media 13, 16, [28] [29] [30] was used to predict the permeability of reconstructed 3D structures of pervious concretes. This solver has been recently used to predict the permeability of virtual pervious concretes. 17 To compute the permeability in one of the three principal directions (X, Y, or Z) of the reconstructed structure, a pressure gradient of one unit per voxel is applied along that particular direction. The fluid velocity vector is then calculated for slow, incompressible steady-state flow by numerically solving the linear Stokes equations using a finite difference scheme in conjunction with an artificial compressibility relaxation algorithm. Once the finite different solution converges sufficiently, the intrinsic permeability (k) is calculated by volume-averaging the local fluid velocity and applying the Darcy equation (4) where u is the average fluid velocity in the direction of flow, ΔP is the pressure difference, L is the length of the material structure where the pressure gradient was applied, and η is the fluid viscosity. For the 3D reconstructed pervious concrete structures, the permeabilities in the three principal directions were obtained by changing the direction of fluid flow. The average of the permeability values corresponding to these three directions was taken as the predicted permeability value for that 3D structure. The permeabilities were predicted for each reconstructed structure (reconstructed using different starting images of a particular mixture), and the average value was reported as the predicted permeability. Figure 8 shows the experimental and predicted permeability values for different pervious concrete mixtures. The error bars for the experimental values show one standard deviation for the permeabilities for different pervious concrete specimens belonging to the same mixture, and the error bars for the predicted values show one standard deviation for the predicted permeabilities for different 3D structures reconstructed using different starting images corresponding to a particular mixture. It can be observed that the predicted permeability values are generally in reasonable agreement with the experimentally determined permeability values for most of the pervious concrete mixtures.
To evaluate the statistical similarity between the experimentally determined and predicted permeability values, a detailed statistical analysis was carried out. The Mann-Whitney U-test, which was described previously, was also used in this case. A p-value greater than 0.05 is an indication of the statistical similarity between the experimental permeability measurements and the permeability predicted from reconstructed 3D images. Table 2 ), indicating that the experimentally measured and predicted permeabilities are statistically similar for most of the cases.
The differences in the experimental and predicted permeability values observed for some of the pervious concrete mixtures in Fig. 9 could also be attributed to the assumption of homogeneity and isotropy made in the 3D reconstruction process. It needs to be remembered that pervious concrete is not a homogeneous and isotropic material, and the degree of homogeneity varies with the material design parameters such as the aggregate size. The distribution of pores could be less homogeneous for specimens made with larger-sized aggregates, as can be seen from Fig. 3(c) . Also, in some blended aggregate mixtures, the interaction effect between the dominant and less dominant particle sizes result in either a loosening effect (particles spaced further apart) or local pore filling effect (some smaller particles filling in the voids between the larger particles), which could result in less than satisfactory adherence to the assumptions of representative elementary volume, homogeneity, and isotropy. To quantitatively examine this effect, the maximum differences between the predicted permeabilities in each of the X, Y, and Z directions, max(|k x -k y |, |k x -k z |, |k y -k z |) from the reconstructed material structures are plotted against the absolute difference between the predicted (k predict ) and experimentally measured (k exp ) permeabilities in Fig. 9 . A larger difference between the experimental and predicted permeability values is seen to be linked to this maximum. Large differences between k x , k y , and k z are indications of the anisotropy of the reconstructed material, which may indicate a finite size effect.
CONCLUSIONS
This paper has dealt with 3D reconstruction of pervious concrete structures from starting 2D images of 12 different pervious concrete mixtures, using the reconstructed structures to predict their permeability. TPC functions were extracted from the starting 2D images, which were used along with the measured volumetric porosity and a sintering algorithm to reconstruct 3D structures. The pore structure features such as pore area fractions, representative pore sizes, mean free spacing between the pores, and the specific surface area of the pores of the starting images and 2D slices from the reconstructed 3D structures were compared. The pore structure features of the 2D slices from reconstructed 3D structures were found to be in generally good agreement with those of starting 2D images, showing that the reconstructed 3D material structure retains the characteristics of the pore structure of the parent material, facilitating reasonably accurate predictions of the material performance. A statistical analysis using a nonparametric test (Mann-Whitney U-test) was also carried out to establish the similarity between the real and reconstructed material structures. A Stokes permeability solver was used on the 3D reconstructed structures to predict the permeability. The experimentally measured and the predicted permeabilities showed good agreement for most of the pervious concrete mixtures. Mann-Whitney U-tests were also carried out to ascertain the similarity between the experimentally determined and predicted permeability values. The possibility of violation of the assumptions of a representative elementary volume, homogeneity, and isotropy in the 2D and 3D material structures was evaluated using the maximum range in the predicted permeabilities in the X, Y, and Z directions and the absolute difference between the experimental and predicted permeabilities; a larger maximum range was found to correspond to a greater difference between experiment and prediction. The reconstructed material structures could also find future use in providing indicators of the changes in: 1) the transport performance of the material during service such as pore constriction and connectivity reduction due to particle trapping (clogging), or 2) 3D pore space as a result of changes in mixture proportions.
